αT (Testes)-catenin, a critical factor regulating cell-cell adhesion in the heart, directly couples the cadherin-catenin complex to the actin cytoskeleton at the intercalated disk (ICD), a unique cell-cell junction that couples cardiomyocytes. Loss of αT-catenin in mice reduces plakophilin2 and connexin 43 recruitment to the ICD. Since αT-catenin is subjected to mechanical stretch during actomyosin contraction in cardiomyocytes, its activity could be regulated by mechanical force. To provide insight in how force regulates αT-catenin function, we investigated the mechanical stability of the putative, force-sensing middle (M) domain of αT-catenin and determined how force impacts vinculin binding to αT-catenin. We show that 1) physiological levels of force, <15 pN, are sufficient to unfold the three M domains; 2) the M1 domain that harbors the vinculin-binding site is unfolded at ∼6 pN; and 3) unfolding of the M1 domain is necessary for high-affinity vinculin binding. In addition, we quantified the binding kinetics and affinity of vinculin to the mechanically exposed binding site in M1 and observed that αT-catenin binds vinculin with low nanomolar affinity. These results provide important new insights into the mechanosensing properties of αT-catenin and how αT-catenin regulates cell-cell adhesion at the cardiomyocyte ICD.
INTRODUCTION
Cell-cell adhesion formation and function is essential for many fundamental physiological processes including morphogenesis during embryogenesis, tissue development during fetal life, and tissue maintenance during adulthood (Edelman, 1986) . This is particularly true for the heart which is under constant mechanical load. In cardiac muscle tissue, cardiomyocytes are connected to each other at the intercalated disk (ICD), a specialized cell-cell junction found only in cardiac muscle tissue that mechanically and electrically couples cells (Sheikh et al., 2009; Vermij et al., 2017) . A primary component of the ICD is the adherens junction that connects actin filaments across adjacent cardiomyocytes, thereby allowing cells to retain their shape upon mechanical stress (Bays et al., 2014) . In addition, the adherens junction is also involved in force transmission and sensing (Sheikh et al., 2009; Wang et al., 2012) . The core of the cardiac adherens junction is the transmembrane protein N-cadherin, and its extracellular domain homodimerizes with N-cadherin molecules from neighboring cells. The N-cadherin cytosolic tail binds p120-catenin and β-catenin (Noorman et al., 2009; Brasch et al., 2012) . β-catenin, in turn, recruits the actin-binding protein α-catenin, forming the cadherin-catenin complex. This complex links to the actin filament network either directly via α-catenin or through the recruitment of actin-binding proteins like vinculin (Watabe-Uchida et al., 1998; Weiss et al., 1998) . In addition to the adherens junction, the ICD also contains the desmosome and gap junction that together establish mechanoelectrical coupling in heart muscle tissue (Vermij et al., 2017) .
As one of the primary components of the cadherin-catenin complex, the α-catenin family of proteins consists of three known members in mammals: αE (Epithelial)-catenin, αT (Testes)-catenin, and
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Valerie Marie Weaver University of California, San Francisco αN (Neuronal)-catenin, with αE-catenin the best studied. All three α-catenins are highly similar, with amino acid sequence identity greater than 57%. Based on sequence homology, it can be assumed that αT-catenin and αN-catenin share a similar domain organization with αE-catenin. The structure of αE-catenin is comprised of a series of helical bundles (Pokutta and Weis, 2000; Pokutta et al., 2002 Pokutta et al., , 2014 Ishiyama et al., 2013; Rangarajan and Izard, 2013) . At the Nterminus of αE-catenin, there are two N domains (N1 and N2), each formed by a four-helix bundle and capable of binding β-catenin and mediating homodimerization (Pokutta and Weis, 2000) . The actinbinding domain (ABD), located at the C-terminus, is a five-helix bundle (Imamura et al., 1999; Pokutta et al., 2008) . The middle (M) domain, an adhesion modulation domain (Imamura et al., 1999; Yang et al., 2001) , is composed of three four-helix bundles (M1, M2, and M3), with a vinculin-binding site (VBS) in M1 (Choi et al., 2012; Li et al., 2015) ( Figure 1A ).
Of the three isoforms of α-catenin, only αE-catenin and αTcatenin are expressed in cardiomyocytes, and both are localized primarily at the ICD (Janssens et al., 2001; Wickline et al., 2016) . It has been found recently that at the ICD, adherens junction and desmosome proteins intermingle to form the area composite, a junction unique to heart muscle tissue (Borrmann et al., 2006; Pieperhoff and Franke, 2007) . A critical component of the ICD is αT-catenin, which mainly exists as a monomer in solution and is capable of binding to F-actin, thereby directly linking the cadherin-catenin complex to the actin cytoskeleton (Wickline et al., 2016) . αT-catenin binds βcatenin through its N1-2 domains and also the desmosomal protein plakophilin2 via its M3 domain, thereby potentially acting like a "bridge" that connects adherens junction and desmosome proteins (Janssens et al., 2001; Goossens et al., 2007) . αT-catenin is unique to amniotes and mainly expressed in cardiomyocytes and testis (Janssens et al., 2001; Folmsbee et al., 2014) . Loss of αT-catenin in mice causes earlier onset of dilated cardiomyopathy (as compared with cardiac-specific αE-catenin conditional knockout), altered pla-kophilin2 distribution, and gap junction remodeling (Li et al., 2012) .
In addition to the cadherin-catenin family of proteins, vinculin localizes to the ICD (Tokuyasu et al., 1981; Pardo et al., 1983) . Vinculin is a compact globular protein that consists of a series of four helical bundles, which is divided into a head domain (D1-D4) connected to a tail domain by a proline-rich linker (Peng et al., 2011) . Vinculin binds to αE-catenin through its head domain (Weiss et al., 1998; Choi et al., 2012) and actin filaments through its tail domain (Menkel et al., 1994; Johnson and Craig, 1995) at cell-cell adhesions, implying a potential role as a bridge in connecting actin to mature cell-cell adhesions. In cardiomyocytes, vinculin plays important roles in cell-cell adhesion, as heterozygous vinculin knockout mice exhibit abnormal ICD structure and cardiac function either at baseline or upon increased hemodynamic stress imposed by transverse aortic constriction (Zemljic-Harpf et al., 2004 . Vinculin is auto-inhibited: the head and tail domains interact with each other to blocking the binding sites for α-catenin proteins and for actin (Johnson and Craig, 1995) . Auto-inhibition is relieved by combinatorial ligand binding (Hino et al., 2019) .
Biochemical and structural data indicate that two α-helices (residues 304-316 and 328-353) within αE-catenin M1 forms the core VBS (residues 300-360) that interacts with vinculin D1 (Yonemura et al., 2010; Choi et al., 2012) . The α-helix of residues 328-353 inserts into the first vinculin D1 α-helix bundle, while the αhelix of residues 304-316 interacts with the second vinculin D1 α-helix bundle (Yonemura et al., 2010; Choi et al., 2012) . Structural data further indicate that αE-catenin can adopt an auto-inhibitory conformation (Rangarajan and Izard, 2012; Li et al., 2015) whereby the VBS is buried in the folded M1 domain. A recent single-molecule study shows that mechanical unfolding of the M1 is needed to create a high-affinity binding site for the vinculin D1 domain (Yao et al., 2014b) . Interactions between the M1 domain and both the M2 and M3 helix bundles are believed to further enhance the auto-inhibition against vinculin binding (Yonemura et al., 2010; Li et al., 2015) . However, the interaction of vinculin with these two isoforms (αT-catenin and αN-catenin) has not been confirmed experimentally as they are much less understood compared with αE-catenin.
Recent studies have shown that adherens junction-related proteins in cardiomyocytes are able to sense and respond to mechanical cues. N-cadherin, the sole cadherin expressed in cardiomyocytes (Noorman et al., 2009) , is up-regulated in response to applied mechanical stretch in neonatal ventricular rat myocytes (Chopra et al., 2011) . In addition, neonatal ventricular rat myocytes exhibit cytoskeletal-mediated mechanical remodeling, including changes in cell shape and myofibrillar organization, when plated on N-cadherin-coated substrates of varying stiffness that mimic changes in cell-cell adhesion strength (Chopra et al., 2011) . Vinculin also responds to cell-cell junction formation, as demonstrated when myoblasts plated on N-cadherin-coated surfaces were found to recruit β-catenin as well as p120, vinculin, and αE-catenin to the lamellipodium (Gavard et al., 2004) . As a component of the cadherin-catenin complex in cardiomyocytes, αT-catenin is under constant mechanical load; however, its mechanosensing properties are not defined.
To investigate the mechanosensing and vinculin-binding functions of αT-catenin, we used magnetic tweezers to apply forces between 1 and 40 pN to various αT-catenin M domain constructs. We found that all three M domains, M1-M3, unfold within a physiological force range of less than 15 pN. The M1 domain that contains a putative VBS unfolds at near 6 pN and is insensitive to pulling rate. The unfolding of M1 is necessary for high-affinity vinculin binding. In addition, we quantified the binding kinetics and affinity of vinculin to the mechanically exposed binding site of αT-catenin. Together, these results provide important new insights into the potential mechanosensing function of αT-catenin.
RESULTS

Mechanical response of αT-catenin M1-M3 domains
Our experiments were carried out using in-house developed magnetic tweezers (Chen et al., 2011 ) that allowed us to stretch a single protein at low forces within a physiological range over multiple hours without significant mechanical drift (Chen et al., 2015; Pang et al., 2018) . Based on I-TASSER structure prediction, the αT-catenin The unfolding force distribution obtained from the M123 construct (C) and the 2M1 construct (D). The vertical dashed lines indicate the boundary between different mechanical stability groups indicated by I, IIa, and IIb. The black line in C is three-peak Gaussian fitting to the unfolding force histogram. The colored lines are Gaussian distributions to individual groups plotted based on the fitted parameters. The line in D is the single-peak Gaussian fitting to the unfolding force histogram of the 2M1 construct.
M domain is formed by three four-helix bundles, similar to αEcatenin (Zhang, 2008; Roy et al., 2010; Wickline et al., 2016) . The 61 amino acid sequence in the VBS is largely conserved across all three α-catenin isoforms, with 82% identity with αT-catenin and 95% identity with αN-catenin ( Figure 1A ; Supplemental Figure S1 ), indicating that vinculin likely interacts with αT-catenin and αN-catenin. To investigate the force response of the three M domains of αT-catenin, we expressed the following two constructs: M123 that comprised all three M domains and 2M1 that comprised two repeats of the M1 domain ( Figure 1B) . A pair of the titin I27 immunoglobulin-like domain were included at both ends to serve as a spacer handle and as a positive control using its highly characteristic unfolding transition signals at high force (Chen et al., 2015; Yuan et al., 2017) ( Figure 1C ; Supplemental Figure S2 ).
In linearly increasing force loading rate experiments, a linearly increasing force with a loading rate of 1.0 ± 0.1 pN/s was applied to the M123 construct at a force range between 2 and 20 pN ( Figure  2A ). Three unfolding transitions were observed, one occurring near 6 pN and the other two occurring at higher forces of 7-13 pN, as indicated by the stepwise bead height increase (Figure 2A, arrows) .
Each of these unfolding transitions corresponds to one M domain, indicating that all three M domains are well structured though expected to have different mechanical properties. Analysis of the histogram of the forces where unfolding events occurred revealed three distinct mechanical stability groups defined as I (4-7 pN), IIa (7-10 pN), and IIb (10-13.5 pN). These events can be fit to a triple-Gaussian distribution that peaks at 6 ± 1 pN, 8 ± 2 pN, and 11 ± 1 pN, with error reported as the width of the Gaussian ( Figure 2C ).
To identify which unfolding step corresponds to the unfolding of the VBS-bearing M1, a similar linearly increasing force loading rate experiment was performed on the 2M1 construct. Two unfolding events were observed at low force ranging from 4.5-7.5 pN ( Figure  2B , arrows). The histogram of the unfolding forces was similar to that of mechanical stability group I in (Figure 2, C and D) . Therefore, the M1 domain is the mechanically weakest domain of the three M domains.
In addition, when the 2M1 construct was subjected to a constant force in the range of 5-7 pN, the M1 domains underwent a foldingunfolding fluctuation ( Figure 3A ). This further supports that the unfolding transition at ∼6 pN observed in the M123 construct ( Figure  2A) is caused by the unfolding of M1. To further investigate the timescale of M1 unfolding at such forces, the force-dependent unfolding and folding rates in the force range of 5-7 pN were measured using the 2M1 construct. As there are two repeats of the same M1 domain, transition rates were obtained based on pseudo dwell time analysis of the lifetimes of the folding/unfolding states during constant force experiments (Supplemental Methods). The unfolding and folding rates obtained at different forces are shown in Figure 3B on a logarithmic scale.
Within the force range of 5-7 pN, both the force-dependent unfolding rate, k F ( ) u M1
, and the folding rate, k F ( ) f M1
, had a linear profile on the logarithm scale. Therefore, they were fit with Bell's model,
where ∆x u M1 is the transition distance during unfolding transitions that typically has a positive value, ∆x f M1 is the transition distance during folding transitions that typically has a negative value, and k u/ f 0,M1 is the extrapolated unfolding/folding rate at no force, so as to identify the critical force, F c , where unfolding and folding rates are equal. From such analysis, a critical force of F c ∼6 pN was obtained at which the equilibrium transition rate was ∼0.6 s -1 .
The folding energy was estimated based on the critical force of the equilibrium two-state transition of the M1 domain. The calculation of the folding energy depends on the force-extension curves of the domain in the folded and unfolded states. For the folded state, its force-extension curve, x F ( ) folded , can be modeled as that of a freely rotatable rigid rod of a certain length, which has an analytical solution:
the length of the folded state estimated based on I-TASSER predicted structure as well as that of αE-catenin M1 domain (PDBID: 4IGG). For the unfolded state, the force-extension curve depends on whether the unfolded polypeptide is a disordered polymer, a chain of four α-helices, or a mixture of them. The folding energy was estimated based on two extreme cases, assuming the unfolded polypeptide was a disordered polymer or a chain of four α-helices, which yielded an estimated folding energy of ∼-16 k B T and ∼-12 k B T, respectively. Based on the unfolding/folding step size around the critical force, it is consistent with the assumption of the unfolded polypeptide as a chain of four α-helices (Supplemental Methods and Supplemental Figure S3 ). Therefore, we estimated that the folding energy was ∼-12 k B T. More details of the estimation can be found in the Supplemental Methods. 
Force activates vinculin binding onto M1
We next investigated whether the third α−helix in M1 is indeed a VBS as predicted based on sequence homology (Supplemental Figure S1 ) and whether force was needed to expose it to allow vinculin binding. A loading rate of 3.5 ± 0.4 pN/s was applied to the M123 construct before (three curves in gray) and after (three curves in color) introducing 50 nM of vinculin head domain 1 (VD1) ( Figure  4A ). As shown by the data, before VD1 was introduced, three characteristic unfolding steps were obtained in each force-increase scan.
In contrast, after VD1 was introduced, there were only two unfolding steps that correspond to the M2-3 domains. The loss of the characteristic M1 unfolding event indicates that it did not refold when the tether was held at ∼2 pN for 30 s, suggesting that it was bound by VD1 and blocked from refolding. Consistently, at forces less than 7 pN, the bead height was higher than that of the tether when all the domains are folded ( Figure 4A, dashed box) . Blocking of M1 domain refolding by bound VD1 was also observed in the 2M1 construct (Supplemental Figure S4) . In our previous studies, we found that the VD1-bound VBSs of talin and αE-catenin became unstable at forces higher than 20 pN (Yao et al., 2014a,b) . This was also true for the αT-catenin VBS, as shown by a small ∼3-4 nm step at forces higher than 20 pN ( Figure  4A , inset, arrows). After this step, the bead height of the tethered M123 construct returned to the same position as before the VD1 was added. This suggests that the unfolding step corresponds to the dissociation of the bound VD1, concurrent with further unfolding of the α-helix VBS into a disordered peptide chain. Indeed, the ∼3-to 4-nm step is consistent with the extension difference between a flexible polypeptide conformation and the α-helix conformation of the VBS (Supplemental Methods and Supplemental Figure S5 ). construct when subjected to a linearly increasing (3.5 ± 0.4 pN/s) force loading rate before (gray traces) and after the addition of 50 nM VD1 (colored traces), smoothed over 0.1 s. In the presence of VD1, the bead height is higher than that before introducing VD1 at low forces (dashed box), indicating VD1 binding inhibits M1 refolding. At forces >20 pN, there is an additional ∼3-to 4-nm step indicating the unbinding of VD1 from M1 (insert, arrow showing two of the steps). (B) Four representative time traces of the height change of a bead tethered to an originally folded M123 construct in 50 nM VD1 held at a constant force of ∼2 pN for 1000 s (before the break) and those of the same tethers for another 1000 s (after the break) at the same force after unfolding the M1 domain by transiently holding the tethers at ∼8 pN for 2 min. (C) A representative time trace of the height of a bead tethered to a M123 construct during force jumping between ∼8 pN and ∼31 pN. The two 3-to 4-nm stepwise bead height increases at ∼31 pN indicate VD1 dissociation events (black arrows). (D) The time evolution of the binding probability of VD1 onto mechanically exposed VBS in the αT-catenin M123 construct (black) and in the αE-catenin M123 construct (red and blue). The corresponding concentrations of VD1 are indicated in the figure panel. Error bars show SD estimated from Bootstrap analysis (Supplemental Methods). The probabilities were fit to an exponential function, from which k on , k off and K D were determined.
To study the effect of force on the interaction between the VBS in M1 and VD1, 50 nM of VD1 was introduced to the M123 construct held at a low force of ∼2 pN that is well below the critical force, F c ∼6 pN, of M1. At this force, M1 was predominantly in the folded state. Over a long duration of 1000 s, the bead height of the tethered M123 construct remained unchanged in four out of five independent experiments, indicating that the no binding of VD1 had occurred ( Figure 4B ). Following this, the M1 domain was unfolded by applying a force of ∼8 pN for 120 s, and the force was then reduced back to ∼2 pN. The bead height increased by ∼10 nm, consistent with the extension change of the ∼130 amino acid M1 domain and indicating that VD1 bound to the mechanically exposed VBS and prevented M1 domain refolding after the force was reduced to ∼2 pN ( Figure 4B ). In only one experiment was VD1 binding to VBS observed at ∼2 pN (without facilitated unfolding by transient force jumping to ∼8 pN) after the tether was held for ∼960 s (Supplemental Figure S6) . Taken together, these observations indicate the importance of force in unfolding αT-catenin M1 and exposing the VBS for high-affinity VD1 binding.
The ∼10 nm increase in bead height was maintained in all five experiments over a long duration of 1000 s, indicating that M1 refolding at ∼2 pN had not occurred ( Figure 4B and Supplemental Figure S6 ). As M1 has a folding rate of >13 s -1 at 5.1 ± 0.5 pN ( Figure  3B ), at a lower force of ∼2 pN the folding rate of M1 is ≫13 s -1 and folding should occur in less than 1 s. The lack of M1 refolding indicates that VD1 remained bound to M1 over this timeframe.
The association and dissociation rates, k on and k off , of VD1 binding were determined using a force jumping' assay. In this assay, the M123 construct was exposed to 10 nM of VD1 and held at ∼8 pN to expose the VBS in M1 for a time interval between 1 and 120 s before "force jumping" to ∼31 pN for 30 s (Figure 4C ). If VD1 binding had occurred within the time interval at ∼8 pN, force jumping will produce the characteristic ∼3-to 4-nm dissociation step at ∼31 pN ( Figure 4C, arrow) , which therefore can serve to detect if the exposed VBS was bound with a vinculin D1 domain when it was held at ∼8 pN. The force is then jumped back to ∼8 pN to begin the next cycle. This was repeated on five independent tethers until more than 40 cycles were obtained for each time interval. At each time interval, t, the binding probability, P(t), was obtained by calculating the ratio of the number of cycles with observed VD1 binding to the total number of cycles ( Figure 4D, black square) . The time evolution of the binding probability from 1 to 120 s was then fitted with an exponential curve,
where P eq is the equilibrium probability of binding, and r is the relaxation rate, both of which were treated as fitting parameters. The P eq and r are related to k on and k off as = + p ck ck k eq on on off and = + r ck k on off , where c is the concentration of VD1. By solving these two equations, both k on , k off , and hence K D , which is the ratio of k off to k on , can be obtained. It was determined that the P eq of VD1 binding to αT-catenin was 0.76 ± 0.03, and r was 4.0 ± 0.6 × 10 -2 s -1 (Figure 4D , black square and line). From these, it was determined that the k on = 3.0 ± 0.5 × 10 6 M -1 s -1 and k off = 9 ± 4 × 10 -3 s -1 , and hence K D = 3 ± 1 × 10 -9 M. For comparison, the same experiment was repeated for an αEcatenin construct containing the M123 domain in 10 nM of VD1. In this case, P eq was 0.91 ± 0.03 and r was 0.058 ± 0.008 s -1 (Figure 4D , red circle and line). To reduce the error for k off calculation due to the high P eq , this experiment was repeated at a lower VD1 concentration of 5 nM (Figure 4D, blue triangle and line) . Taking the average, the affinity rates for VD1 were determined to be k on = 4.8 ± 0.7 × 10 6 M -1 s -1 and k off = 8 ± 5 × 10 -3 s -1 , and hence K D = 2 ± 1 × 10 -9 M.
Thus, comparing αT-catenin and αE-catenin revealed that both α-catenins have a similar strong binding affinity for vinculin VD1.
DISCUSSION
In this study, we systematically studied the mechanical properties of αT-catenin, a protein highly expressed in cardiomyocytes, using magnetic tweezers. We found that all the three M domains can be unfolded at physiological levels of force, <15 pN ( Figure 2, A and B) . In particular, the M1 domain that contains a VBS ( Figure 4A ; Supplemental Figure S4 ) is unfolded at ∼6 pN (Figures 2, C and D, and 3,  A and B) . In addition, the force-dependent interaction between both αT-catenin and αE-catenin and vinculin were investigated. We observed that vinculin interacts with the M1 domain in αT-catenin and a force of more than ∼6 pN is required to mechanically expose the VBS in M1 for high-affinity VD1 binding (Figure 4, A and B) . Importantly, we report here a label-free single-molecule methodology used to measure the binding and unbinding rate and affinity of VD1 for αT-catenin and αE-catenin (Figure 4, C and D) . From this, we obtained K D = 3 ± 1 × 10 -9 M (αT-catenin) and 2 ± 1 × 10 -9 M (αE-catenin).
Our data show that a force of ∼6 pN is necessary to mechanically unfold the M1 domain, exposing the buried VBS for high-affinity VD1 binding. M1 was estimated to have a folding energy of ∼-12 k B T, far greater than the average thermal energy of ∼1 k B T, implying that it is unlikely for M1 to be unfolded by thermal fluctuation alone (Supplemental Methods). In addition, at a low force of ∼2 pN and 50 nM of VD1, the binding of VD1 to a mechanically exposed VBS of M1 should take place in <10 s, according to the k on (3.0 ± 0.5 × 10 6 M -1 s -1 ). This is in sharp contrast to the observation that, when the M1 domain was in the folded state at ∼2 pN, no binding was observed for more than 10 min in the presence of 50 nM VD1 ( Figure 4B ). Together, these results strongly suggest that mechanical unfolding of αT-catenin M1 is required for high-affinity vinculin binding.
In comparing αT-catenin with αE-catenin, it was observed that both α-catenins have similar mechanical stabilities. Our results show that αT-catenin M domains unfold in the range of <15 pN with the M1 domain unfolds at ∼6 pN and the M2 and M3 domains unfold at ∼8-11 pN, when subjected to a linearly increasing force loading rate of 1.0 ± 0.1 pN/s. The force-responses of the M domains in αTcatenin are similar to that of αE-catenin measured in previous kinetic experiments (Yao et al., 2014b) , where the unfolding of M1 domain was observed at ∼5 pN, the M2 and M3 domains were observed at ∼12 pN with a force loading rate of ∼4 pN/s. In addition, our results show that both α-catenins have similar vinculin-binding affinities in the mechanically exposed state, with a K D of 3 ± 1 × 10 -9 M for αTcatenin and a K D of 2 ± 1 × 10 -9 M for αE-catenin. Importantly, our calculated affinity of αE-catenin for vinculin is similar to the previously reported affinity of 5.2 × 10 -9 M between the exposed VBS in αE-catenin M1-M2 (amino acids 273-510) and vinculin D1 as measured by isothermal titration calorimetry (Choi et al., 2012) . The high similarity in K D between αE-catenin and αT-catenin can be explained by the high amino acid identity (82%) of the VBS between them (Supplemental Figure S1) .
Nonetheless, αT-catenin is known to play a unique role in the heart, as αT-catenin knockout in mice leads to dilated cardiomyopathy despite the presence of αE-catenin (Li et al., 2012) . We speculate that molecular differences between the two α-catenin isoforms exist in other domains. For example, the M3 domain of αT-catenin bears a unique binding site for plakophilin2 and loss of αT-catenin in the heart reduces plakophilin2 recruitment to the ICD (Goossens et al., 2007) . Likewise, the αT-catenin N2 domain is only 39% identical to αE-catenin, and αT-catenin homodimerization properties (mediated by N1-2) in solution are distinct from αE-catenin (Wickline et al., 2016) . These molecular differences could contribute to αT-catenin's unique function in cell-cell adhesion at the ICD.
MATERIALS AND METHODS
Protein expression
Two fragments of the αT-catenin middle domains (M123: 259-667; M1: 259-295) were synthesized by PCR using plasmid template containing the full-length αT-catenin sequence. DNA fragments were then subcloned into expression vector pET151/D-TOPO with an Nterminal avi-tag and two I27 domain, and a C-terminal spy-tag and two I27 domains, using HiFi DNA Assembly (NEBuilder). Each of the resulting plasmids were cotransformed with a BirA plasmid (Kay et al., 2009) . Subsequently, the proteins of interest were expressed in Escherichia coli BL21 (DE3) cultured in Luria-Bertani media with D-Biotin (Sigma-Aldrich) and affinity purified using the His-tag.
Single-molecule manipulation
The single-molecule manipulation experiments were carried out on a custom-built magnetic tweezers platform that can exert forces up to 100 pN with ∼1 nm extension resolution for tethered bead at a 200 Hz sampling rate (Chen et al., 2011; Le et al., 2016) . For the given magnets and bead, the force is solely dependent on the distance, d, between the magnet and the bead, F(d), which can be calibrated based on its fluctuation at low force, as described in a previous publication, with ∼10% uncertainty due to the heterogeneous manufactured bead sizes (Chen et al., 2011) . For the magnetic tweezers experiments, the protein of interest was immobilized onto the glass coverslip of a laminar flow chamber and to a 3-μm (Dynabeads M270-epoxy) paramagnetic bead coated with neutravidin using specific tethering through Spy-tag/Spy-catcher and biotin/neutravidin chemistry. All experiments were carried out in 1 × phosphate-buffered saline, 1% bovine serum albumin, 1 mM dithiothreitol, and 10 mM sodium l-ascorbate at room temperature of 21 ± 1°C. More details of the magnetic tweezers setup and protein manipulation can be found in previous publications (Chen et al., 2015; Yuan et al., 2017; Pang et al., 2018) .
Unfolding/folding rates of αT-catenin M123 domains
The force-dependent unfolding/folding rates of the M123 domains were determined from constant force measurements of folded/unfolded state lifetime. For the M1 domain, due to its short lifetime at near critical force, the M1-2R construct was subjected to various constant forces between 5 and 7 pN near its critical force for 60 s, and the smoothed bead heights were fitted with the stepfit1 function (Aggarwal et al., 2012) from which the lifetimes of the folded/ unfolded state were obtained. This was repeated multiple times until more than 60 lifetimes were obtained at each force. As there are two repeats of the same M1 domain, pseudo dwell time analysis was performed on the lifetimes of the folding/unfolding states to obtain the pseudo dwell times (Cao et al., 2008) (Supplemental Methods) . The pseudo dwell times were fitted with an exponential decay function to obtain the folding/unfolding rates at each force. Bootstrap analysis was used to obtain the statistical error for the unfolding/folding rates (Supplemental Methods).
Unfolding/folding kinetics parameters
Within the force range at which the force-dependent unfolding/ folding rates of M1 domains were obtained (5-7 pN), the forcedependent unfolding/folding rates at force F, k F ( ) where ∆x u M1 is the transition distance during unfolding transition which typically has a positive value, ∆x f M1 is the transition distance during folding transition which typically has a negative value, and k u/ f 0,M1 are the extrapolated unfolding/folding rates at no force. The ∆x u/ f M1 and k u/ f 0,M1 are treated as fitting parameters. From the Bell's model fitting, the critical force, F c , where unfolding and folding rates are equal, and the corresponding equilibrium transition rate was determined.
VD1 binding affinity rate calculation
The M123-I27 construct, in the presence of 5 or 10 nM of VD1, was first subjected to a force of ∼8 pN in order to expose the VBS. This was maintained for a duration of between 1 and 120 s before jumping the force immediately to ∼31 pN for 30 s to determine if any VD1 binding has occurred, as can be detected by the characteristic ∼3-to 4-nm dissociation step at this force (Supplemental Methods; Supplemental Figure S5 ). This was then repeated on five independent tethers until more than 40 times cycles were obtained for each time interval. At each time interval, the probability of binding can be calculated by dividing the total number of binding events observed over the total number of cycles. Bootstrap analysis was performed to obtain statistical error for the binding probability by taking the SD of the results from the 1000 data sets generated (Supplemental Methods). P was then plotted against t and fit using = − − ⋅     P P r t 1 exp( ) eq , where P eq is the equilibrium probability, r is the relaxation rate. The k on and k off are related to the P eq and r in these two equations: = + P ck ck k eq on on off , and = + r ck k on off , where c is the concentration of VD1. By solving these two equations, both k on and k off and hence K D , which is equal to k off divided by k on , was obtained.
